Current models of evoked otoacoustic emissions explain the striking periodicity in their frequency spectra by suggesting that it originates through the reflection of forward-traveling waves by a corresponding spatial corrugation in the mechanics of the cochlea. Although measurements of primate cochlear anatomy find no such corrugation, they do indicate a considerable irregularity in the arrangement of outer hair cells. It is suggested that evoked emissions originate through a novel reflection mechanism, representing an analogue of Bragg scattering in nonuniform, disordered media. Forward-traveling waves reflect off random irregularities in the micromechanics of the organ of Corti. The tall, broad peak of the traveling wave defines a localized region of coherent reflection that sweeps along the organ of Corti as the frequency is varied monotonically. Coherent scattering occurs off irregularities within the peak with spatial period equal to half the wavelength of the traveling wave. The phase of the net reflected wave rotates uniformly with frequency at a rate determined by the wavelength of the traveling wave in the region of its peak. Interference between the backward-traveling wave and the stimulus tone creates the observed spectral periodicity. Ear-canal measurements are related to cochlear mechanics by assuming that the transfer characteristics of the middle ear vary slowly with frequency compared to oscillations in the emission spectrum. The relationship between cochlear mechanics at low sound levels and the frequency dependence of evoked emissions is made precise for one-dimensional models of cochlear mechanics. Measurements of basilar-membrane motion in the squirrel monkey are used to predict the spectral characteristics of their emissions. And conversely, noninvasive measurements of evoked otoacoustic emissions are used to predict the width and wavelength of the peak of the traveling wave in humans. ¸
"cochlear reflection" mechanism accounts for the existence of evoked emissions, it leaves unexplained the remarkable many-cycle regularity apparent in the interference pattern. Current models require that the observed spectral periodicity mirror a corresponding corrugation in the mechanics of the cochlea. The mechanism proposed here predicts that spectral periodicity emerges spontaneously from coherent scattering off random irregularities in the mechanics.
reflection, here the analysis centers on the low-level linear regime and reveals the existence of a "spontaneously emergent" spectral symmetry that arises from coherent wave scattering in a disordered medium. Preliminary accounts of this work have appeared elsewhere (Shera, 1992; Shera and Zweig, 1993b 
or approximately 0.4 Bark in units of critical-band rate (Zwicker and Terhardt, 1980) . Whereas the background reflects the acoustic properties of the middle ear and the measuring apparatus, the oscillatory component represents an interference pattern created by the addition to the stimulus tone of a backward-traveling wave originating within the cochlea (Kemp, 1978) . Appendix B shows that the coefficient q characterizes roundtrip sound transmission through the middle ear and sets the overall amplitude of emissions in the ear canal (note that emissions would be unmeasurable if q were zero). The function r represents the middle-ear "reflection coefficient" for backward-traveling cochlear waves reflected at the stapes; the function rR therefore constitutes a product of two reflection coefficients, both evaluated at the base of the cochlear spiral but measured by driving the ear in opposite directions from the stapes. Note that terms in the series proportional to R 2 or higher vanish in the limit that the stapes represents a perfectly reflectionless boundary (i.e., in the limit [r[-•0).
The higher-order terms thus arise from multiple internal reflections within the cochlea.
A. The empirical form of the cochlear reflectance
Measurements of stimulus-frequency emissions in human ears have been used to determine the frequency &pen-dence of R, which appears as the product of a slowly varying complex function R 0 and a more rapidly varying phasor e (Shera and Zweig, 1993a ): 
R=Ro[eO(0))]e iø(ø•) (e•l). (5)
where the minus sign has been chosen to make 
Other emission data are consistent with these results (e.g., Zwicker, 1989).
II. RESOLVING THE PARADOX OF PERIODICITY
Quasiperiodic spectral oscillations in ear-canal pressure arise because the phase of the cochlear reflectance circles uniformly with frequency (Kemp, 1980; Shera and Zweig, 1993a; Allen et al., 1995) . By introducing the cochlear reflectance we have transferred the problem of understanding the origin of spectral periodicity to that of understanding the empirical form of R. Given the apparent absence of periodicity in cochlear micromechanics (Wright, 1984 ; Lonsbury- Martin et al., 1988) , how does the simple, smooth form for R arise when the scattering medium is irregular? To better ap-preciate the dilemma, consider a simple point-reflection model for otoacoustic emissions in which the forwardtraveling wave is reflected by some mechanical pertcrbation located at the peak of the traveling-wave envelope. The total phase difference between the incident and reflected waves at the stapes [i.e., the phase of R] can then be written as a sum of phase shifts arising from wave propagation and from scat- This intuitive argument paraphrases the logic that forced Strube (1989) to the conclusion that the cochlea trust be spatially corrugated, with mechanical perturbations •rayed almost sinusoidally along the organ of Corti. This special, periodic pattern of scattering centers (the "cochlear washboard") generates a corresponding periodicity in the phase of the scattered waves as the frequency is varied monotonically and the traveling-wave envelope moves over the spatial washboard. The resulting emission spectrum exhibits locally periodic maxima and minima at frequency intervals Af determined, via the exponential cochlear mapping between position and frequency, by the spatial corrugation period Ax½•,:
Af/f•-Ax½•,/l, where l represents the distance over which the characteristic frequency changes by a factor of e.
Although the corrugated-cochlea model generates periodicity in the emission spectrum, the required spatial arrangement of irregularities--the quasisinusoidal cochlear washboard---has not been observed. In subsequent sections we resolve this apparent paradox of periodicity by considering the interaction of many wavelets scattered from randomly distributed irregularities. The heuristic discussion pre-(21) sented in the following section is followed by detailed calculations valid for one-dimensional models of cochlear mechanics.
A. A heuristic discussion of coherent scattering
Consider first a plane wave of constant wavelength traveling through some uniform background medium sparsely peppered with local inhomogeneities (e.g., a light wave traveling through a block of glass containing localized anomalies in its index of refraction). Whenever encountered, such perturbations scatter the wave, and backward-traveling wavelets subsequently combine to tbrm a net reflected wave. Reflection is greatest when wavelets scattered from different inhomogeneities combine in phase with one another.
When identical point perturbations are arrayed at periodic intervals, as they are in certain simple crystals, scattered wavelets combine in phase whenever the wavelength k of the incident plane wave matches twice the distance Ax between scattering centers; that is, whenever h = 2 Ax. Just as in the corrugated-cochlea model, the phase of the net reflected wave rotates periodically with frequency; in this case, however, the spectral period Af characterizing the oscillations in ear-canal pressure is determined not by the length scale of some preexisting spatial washboarding, but by the wavelength of the traveling wave at its peak, where scattering is maximal. More precisely,
where •x is the wavelength at the peak of the traveling wave.
The dominant spatial frequency of scattering (expressed in radians using the length scale l) is therefore k = 2 ,rlt Ax = 2 l/;(x,
where Xx-----kx/2tr. Equation (24) 
The phase shift due to scattering off irregularities arrayed at spatial frequency k is kj((to) and accounts for the smooth variation of the phase of R with frequency. The observed spectral periodicity thus emerges as a consequence of cochlear dynamics, rather than of cochlear geometry. Spectral periodicity is spontaneously created. In contrast to conventional Bragg scattering in a crystal, which originates from isolated scattering centers arrayed periodically in space, the coherent reflection responsible for evoked emissions originates from densely distributed, random irregularities encountered within the peak of the travel- We further simplify the discussion by assuming an approximate local scaling symmetry for the unperturbed cochlea, thereby reducing the number of independent variables from two to one (Zweig, 1976 ). This approximation is cer-tainly valid for frequencies greater than 3 kHz (Rhode, 1971; Gumruer et al., 1987) . Although scaling symmetry is broken at the frequencies for which human evoked emission appears strongest (i.e., roughly 1-2 kHz), the shape of the transfer function changes only slowly with position, implying that an approximate local scaling symmetry about the peak of the response still holds. Thus, the same qualitative mechanisms for generating evoked emission described in this paper are expected to apply even at these lower frequencies.
The approximate local scaling symmetry implies that rather than depending on position and frequency independently, the unperturbed wavelength depends on those variables only in the combination
where t%(x) is the frequency-position map. In accord with experiment (Liberman, 1982; Greenwood, 1961) , the frequency-position map •oc(x) is taken to be exponential in the scaling region:
where In addition, note that since Rather, the irregularities must be fixed in place and exist independently of the traveling wave. This argument recapitulates the reasoning underlying the conclusion that "wavefixed" (or, more precisely, scaling-symmetric) emission mechanisms cannot explain the long latencies characteristic of evoked emission in human ears (Kemp and Brown, 1983; Kemp, 1986; Strube, 1989; Shera and Zweig, 1993b ).
In the reflection mechanism proposed here, small irregularities in the mechanics of the organ of Corti provide the requisite breaking of scaling symmetry. Although the region of maximum reflection moves with the wave envelope, the micromechanical irregularities (the "reflectors") remain fixed in place. The irregularities partially reflect the traveling wave, but when R is small they do not significantly affect either the shape or scaling-symmetric form of the basilarmembrane transfer function.
IV. THE ORIGIN OF SPECTRAL PERIODICITY
In this section we reconcile the empirical and theoretical forms of the cochlear reflectance and indicate what that reconciliation implies for cochlear mechanics. Theory and experiment are combined to obtain the possible forms of the scattering potential •. Two possibilities are discussed, the first corresponding to a corrugated cochlea (Strube, 1989) and the second to a cochlea with coherent backscattering from random irregularities. The scattering mechanism involved in this second case is then explored in some detail.
A. The making of spectral symmetry
The origin of spectral periodicity can most easily be understood by assuming that the scattering potential depends only on position, so that •--•(X). Our numerical simulations of scattering from a variety of irregularities suggest that this approximation is generally good to within a few percent. Equation ( The transfer function is a strongly peak function whose transform, like 3•{R}, is also strongly peaked.
In subsequent sections we make these qualitative observations more precise, explore the physical meaning of this alternative model, and discuss its consequences for the origin of otoacoustic emissions and for noninvasive probes of co- 
the broader the traveling-wave envelope, the narrower the spatial-frequency filter.
A phenomenological model
We illustrate these general remarks and explore the relationship between the shape of the traveling wave and the spectrum of 
where •xrr/r= 1.
A localized region of coherent reflection
To understand the scattering mechanism more fully, it is helpful to imagine decomposing the irregularities into spatial-frequency components and examining the reflection 
The mechanism of coherent reflection filtering is schematized in Fig. 3, which illustrates Fig. 7 , the solid curve (-) to the average of 1000. In both cases, the fluctuations in Ira{stoa} were Hamming windowed and Fourier transformed with respect to the spatial variable X-The conjugate Fourier variable extends along the horizontal axis. The distribution shows no pronounced maxima or minima corresponding to the peak seen in the top panel. The fact that the spectrum of the irregularities is not white, but rolls off at high spatial frequencies reflects the existence of an underlying "discretizafion scale" over which the mechanical parameters remain roughly constant. In the simulations described here, the discretization scale corresponds to the width of a single hair cell.
. ) corresponds to the irregularities shown in
for the underlying irregularities has no such corresponding structure: The spectral periodicity apparent in the eatssion curves has no spatial correlate in the mechanics.
Note that the slight difference in peak locations between .½"{T 2} illustrated in (68) from the estimated wavelength near 8 kHz in the squirrel monkey (0).
VII. DISCUSSION
Coherent cochlear scattering from random impedance irregularities represents a novel analogue of Bragg scattering in nonuniform, disordered media (see Table I ). Bragg reflection in a crystal occurs when multiple reflected plane waves--scattered throughout the crystal by a large number of identical, discrete scattering centers arrayed at periodic intervals---combine in phase (Bfillouin, 1946) . In contrast to the constant amplitudes and wavelengths of plane waves, the Unlike the point-reflection model, which represents the backward-traveling wave as arising from a single reflection at the peak of the traveling wave (and which leads, inexorably, to the conclusion that the cochlea must be mechanically corrugated), the integral in Eq. (35) represents the reflectance as a sum of backward-traveling wavelets originating throughout the cochlea. The theory described here indicates how those multiple reflected wavelets interfere with one another--both constructively and destructively---to generate a large backward-traveling wave whose phase rotates periodically with frequency. That interference between wavelets originating over an extended region plays a crucial role in generating the spectral characteristics of evoked emissions.
By representing the cochlear reflectance as the integral of a spatial, or "place-tixed," component (namely •) with a scaling, or "wave-fixed," component (namely T2), Eq. (35) highlights the respective roles of geometry and dynamics in the generation of evoked otoacoustic emissions. The mechanism described here implies that both components. geometric and d. vnamic, contribute essentially to the production of spectral periodici.ty: The geometric because it provides the necessary breaking of scaling symmetry without which emissions could not depend strongly on frequency, and the dynamic because it provides the spatial-frequency filtering necessary to make the emission spectrum quasiperiodic.
Although one-dimensional models of cochlear mechanics predict that R and T • are simply related via Eq. (35), their precise relationship depends on details of the mechanics not known with any certainty. Empirically, however, the Fourier transforms of R and T 2 are similar in shape, suggesting that the two functions share a common origin in the cochlear mechanisms responsible for mechanical tuning at low levels. The more qualitative mechanisms described here for the origin of otoacoustic emissions and their spectral periodicity presum,qbly remain valid in more realistic models as well. The reflection mechanism proposed here modifies Kemp's (1980; heuristic description of evoked emissions in a surprising way. Kemp proposed that the structure apparent in emission spectra represents an interference between the stimulus tone and a reverse traveling wave originating by reflection off an impedance discontinuity located along the basilar membrane. Spectral maxima and minima occur at frequency intervals inversely related to the travel time to and from the punctuate anomaly. In the picture presented here, however, well-defined roundtrip travel times refiect not so much any discrete localization of the anomalies•which, on the contrary, may actually be densely distributed along the organ of Corti--but arise through the dynamical action of the cochlea, which generates a tall, broad peak in the traveling wave and thereby creates an extended region of coherent reflection that sweeps over the organ of Corti as the frequency is varied monotonically.
In with a net reflection factor gst (see Appendix B). As the product RRst of forward and reverse reflection factors approaches unity, the emission amplitude continues to grow without bound. In the real ear, or an appropriate nonlinear model, emission amplitudes are stabilized by saturating nonlinearities that limit the energy produced (e.g., Talmadge and Tubis, 1993). Once initiated, the emission therefore requires no external sound for its maintenance: The stapes acts as a partially reflecting "mirror" that feeds energy back to the cochlea as a forward-traveling wave (Kemp, 1980; Zweig, 1991) . Unlike the case in which a localized section of the organ of Corti acquires a net negative damping, the spontaneous emissions described here would not be self-sustaining were the stapes a perfectly reflectionless boundary (i.e., if Rst were zero). As a consequence, manipulation of the stapes reflection factor (e.g., by changing the acoustical probe impedance or the static pressure in the ear canal) can easily alter emission amplitude and frequency, effects that are observed experimentally (e.g., Kemp, 1978 
